Abstract: A simplified plasmonic lens composed of a single concentric annular ring with cross section of an asymmetric slot is proposed and investigated. By adding an auxiliary nanocavity under the primary annular slot, unidirectional plasmonic waves are efficiently launched to the inward direction and focused to a hot spot in the center. Due to the asymmetric slot, high excitation efficiency for unidirectional inward focusing can be achieved by numerically optimizing the geometric parameters of the single annular ring using the finite-difference time domain (FDTD) method. The proposed structure can decrease background noises and prevent crosstalks of nearby components in optical networks. This advantage for the plasmonic lens would dramatically increase the integration level of future nanophotonic circuits and devices.
Introduction
Nano-focusing of optical waves by surface plasmonic lenses with strong confinements has been intensively investigated in diverse researches and application fields such as super-resolution imaging [1] - [4] , lithography [5] , [6] , and biosensing [7] , [8] . Many schemes have been proposed for focusing electromagnetic waves in a nanoscale area. In order to obtain hot spots with high intensities and strong confinements, a variety of plasmonic lenses with complicated nanostructures were designed [9] - [23] . Previous studies have shown that nano-focusing of plasmonic waves can be realized by a surface plasmonic lens consisting of a single annular slit [24] . Since the cross-section of the slit is a symmetric 2-D rectangle, the plasmonic waves are symmetrically excited to both outward and inward directions. However, the outward propagating surface plasmon polaritons (SPPs) from the single slit do not contribute to nano-focusing of highly confined lights [25] . A circular periodic grating structure surrounding the annular slit was introduced to give rise to resonance and reflect the outward propagating plasmonic waves to enhance the intensity at the focal point [26] , [27] . The focusing efficiency was further enhanced by using a circular Bragg grating, which can reflect the plasmonic waves that are propagating in the counter-focus direction [28] . Another structure consisting of a Fresnel zone plate on an aluminum film was demonstrated as in-plane focusing elements [29] . In addition, plasmonic lenses illuminated by linear polarized light sources were also reported [30] . However, those structures are rather complicated in order to utilize the light energy efficiently.
Recently, Gong's group demonstrated that the efficient lowest-order antenna mode can be effectively transferred to inactive higher-order modes by adding an auxiliary resonant structure to a single plasmonic nanoantenna and the optical fields can be well manipulated by utilizing the interference between different antenna modes. Then the uni-directional excitation of plasmonic waves can be realized [31] . Based on this design, we proposed and theoretically optimized a simplified and compact plasmonic lens consisting of only a single annular ring with cross section of an asymmetric slot. Different from Gong's results, we analyzed and explained how the critical factors influence the excitation efficiency. Our lens can launch plasmonic waves only to the inward direction, which will eliminate strong background noises, and avoid inter-coupling between nearby components.
Model Structure
The designed structure is a single annular asymmetric nano-slot, as illustrated in Fig. 1 . A thin silver layer is deposited on a quartz substrate, and an annular ring with cross section of a primary metal-insulator-metal (MIM) slot and an auxiliary resonant nano-cavity is structured in the layer. Fig. 1(a) is the schematic view of the cross section of our plasmonic lens. w 1 and w 2 are the widths of the primary and the auxiliary annular slots, respectively. h 1 and h 2 represent the depths of the primary and the auxiliary slots. r is the inner radius of the ring as shown in the figure. The top view of the lens structure is illustrated in Fig. 1(b) . The light we used to excite the propagating plasmonic waves is a radially polarized beam with a normal incidence from the top of the silver film.
The size of the primary slot is designed to have only two effective modes. The fundamental mode has even symmetry of H y which we call symmetric mode and the second mode has odd symmetry of H y which we call anti-symmetric mode. However, only the first order mode in the primary annular slot is active because of the excitation symmetry of the radially polarized light if the auxiliary slot does not exist. The energy of the first order symmetric mode can be effectively transferred to second anti-symmetric mode with the aid of the auxiliary slot. This phenomenon enables the uni-directional excitation of surface plasmon polaritons, which arises from the interference between the symmetric and the anti-symmetric modes in the primary slot. The plasmonic waves propagate radially toward the center of the ring and interfere constructively with the optimized design of the specific geometrical parameters. Thus, a highly efficient focusing hot spot is formed in the center of the plasmonic lens. 
Numerical Simulations and Theoretical Analysis
In order to obtain a high excitation efficiency for the plasmonic nano-focusing with the above mentioned structure in Fig. 1 , we first investigate the excitation of plasmonic waves along the silver/air interface with the well-known traditional 2-D symmetric MIM slot, shown as Fig. 2(a) . Afterwards we examine the properties of unidirectional excitation for SPPs with a 2D asymmetric slot shown in Fig. 2(b) . Finally nano-focusing behavior of the 3D annular slot in Fig. 1 is studied, for which the cross section is given in Fig. 1(a) with the primary and the auxiliary slots. The simulations are performed by using commercial software Lumerical finite-difference time domain (FDTD) Solutions. Surrounding the simulation domain, Perfectly Matched Layers (PMLs) are adopted in the x -y -z directions. The maximum mesh size is set to 10 nm. The permittivity of the silver is À18:359 þ 0:479i at the wavelength of ¼ 633 nm for which we take Johnson and Christy's measurements as a reference [32] .
In Fig. 2 (a), a Gaussian beam with the polarization direction along the x -direction impinges normally on the top of the silver film. The light wavelength is set to ¼ 633 nm. Since the structure is a symmetric slot for which the power of the left propagating waves is equal to that of the right ones, the excitation efficiency is defined as the power of the left or the right propagating waves normalized to that of the incident light [33] , [34] . We used frequency domain power monitors, which are set to be normal to the propagation direction of the launched SPPs, to obtain the value of the power in our FDTD simulations. The relation between the excitation efficiency and the depth h of the symmetric MIM slot in Fig. 2 (a) is shown in Fig. 3(b) . The width of the slot w is fixed to 310 nm. It is found that the excitation efficiency varies from 0 to 32% periodically with the increase of the depth h. The fluctuation period is 293 nm, which corresponds to a half of the effective plasmonic wavelength spp ¼ 581 nm in the slot with the width w ¼ 310 nm and an infinite depth. This symmetric slot can be considered as a Fabry-Pèrot resonator. The excited plasmonic waves inside the slot propagate downwards until they encounter the bottom of the slot. Afterwards, they are reflected back from the bottom with an additional phase shift ' and then propagate upwards to the front corner of the slot, shown as Fig. 3(a) . The total electric field component, which will be shown in Fig. 4 , can be decomposed to the following parts: the incident electric field, the launched electric field which contributes directly to the propagating waves on the interface and the launched plasmonic field downwards inside the slot and then reflected from the bottom. The electric field directly from the incident beam does not contribute to the final propagating waves on the silver/air interface. According to the Fabry-Pèrot model, the equation 2h þ ' ¼ 2n ðn ¼ 0; 1; 2 Á Á ÁÞ should be fulfilled, and the second and the third parts are in the same phase. Fig. 3(b) shows that the excitation efficiency reaches the first maximum value when h ¼ 120 nm. Thus, the additional phase shift ' caused by the slot bottom is 1:17. This value deviates from the well-known phase shift when the waves reflect from an infinite metal/air interface to the air. And the difference is caused by the scaling of the effective wavelength due to the plasmonic modes in the slot. Fig. 3(c) shows the 2-D distribution of the excitation efficiency in the w À h plane. The depth h is increased with the increment of the width w when the excitation efficiency reaches a maximized peak value. This could attribute to the increase of the effective plasmonic wavelength as the width w increases. Fig. 4(a) is the electric field jE j profile of the plasmonic waves, which are excited inside the MIM slot and launched on top of the silver/air interface when w ¼ 310 nm, h ¼ 120 nm. Fig. 4(b) includes the profiles of electric field components jE x j and jE z j. The propagating plasmonic waves on the top surface to the left and the right directions are excited equally since only the fundamental plasmonic mode is excited in this symmetric slot. It is found that the phase shifts due to the wave reflection on the slot bottom for the E x and the E z components have a difference of . It means that on the upper position inside the slot, the E x component reaches a peak value, whereas the E z component will be minimized. And this is clearly shown in Fig. 4(b) . When the depth of the slot h increases to 300 nm, the E x component reaches the minimum value on the top corner of the slot, and no left or right propagating waves are successfully launched on the silver/air interface, which is shown in Fig. 4(c) and (d) . It can be seen that in order to efficiently excite the outwards propagating plasmonic waves on the front surface of the silver/air interface, the E x component of the excited plasmonic mode inside the slot contributes the most efforts, and additionally, it should reach the peak value.
For the purpose of uni-directional plasmonic excitation, an auxiliary nano-cavity is added to the primary MIM slot as shown in Fig. 2(b) . The excitation light is the same as the above case for the symmetric MIM slot. l and r denote the excitation efficiencies of the left and the right Fig. 4 . Profiles of the electric fields (a) jE j and (b) jE x j and jE z j excited in the MIM slot and on top of the silver/air interface when w ¼ 310 nm, and h ¼ 120 nm at the wavelength ¼ 633 nm. Profiles of the electric fields (c) jE j and (d) jE x j and jE z j when w ¼ 310 nm, and h ¼ 300 nm at the wavelength ¼ 633 nm.
propagating plasmonic waves along the silver/air interface, respectively. w 1 and w 2 are set to be 310 nm and 155 nm. The critical parameters h 1 and h 2 are optimized, and it is found that r is maximized and at the same time l is minimized when h 1 ¼ 110 nm and h 2 ¼ 40 nm. Fig. 5 is the electric field distribution jE j of the plasmonic waves excited inside the asymmetric slot and on top of the silver/air interface. By carefully regulating amplitudes, phases of different plasmonic modes with the control of the critical parameters h 1 and h 2 , the uni-directional plasmonic excitation on the silver/air interface can be achieved. The theory of mode conversion plays an important role. And more interestingly, the direction of the plasmonic waves either to the left or to the right direction can be determined by varying the value of h 2 .
The left and the right propagating plasmonic waves on top of the silver/air interface are in the same phase when the fundamental symmetric mode is excited in the primary MIM slot. However, they are completely anti-phase if only the second order anti-symmetric mode exists in the primary slot. By adding a proper auxiliary nano-cavity, the anti-symmetric mode can be excited efficiently in the primary MIM slot. This means that a large portion of the energy can be converted from the fundamental mode to the higher order modes. In the current optimized structure in Fig. 5 , the left propagating plasmonic waves originated from the symmetric and the antisymmetric modes interfere destructively whereas the right propagating waves from the two modes interfere constructively. Therefore, a highly efficient uni-directional excitation of plasmonic waves is obtained. The excitation efficiency r increases dramatically to 62%, which is approximately twice the excitation efficiency of the symmetric structure without the auxiliary nano-cavity. As a result, the energy of the left propagating plasmonic waves is mainly converted to that of the right propagating waves. Fig. 6(a) shows the dependence of the excitation efficiencies l ; r and the total excitation efficiency l þ r on the depth h 2 of the auxiliary nano-cavity with the fixed depth h 1 ¼ 110 nm of the primary slot. We can see that the left propagating plasmonic waves are converted to the right propagating waves periodically with the increase of the depth for the auxiliary nano-cavity. The fluctuation period is 277 nm, which is a half of the effective plasmonic wavelength in the MIM slot with the width w ¼ 155 nm and an infinite depth. The amplitudes of the two effective modes inside the primary MIM slot is strongly influenced by the depth of the auxiliary MIM slot h 2 . As h 2 increases, the fundamental mode is gradually converted to the second order mode periodically. The left propagating plasmonic waves on the front silver/air interface originated from the symmetric and the anti-symmetric modes are in anti-phase, whereas the right propagating waves from the two modes are in the same phase when h 1 ¼ 110 nm. Thus, when the amplitudes of these two modes on the top corners of the slot are equal to each other, the leftward propagating waves will fade away and the amplitude of the rightward ones will reach a peak value. Fig. 6 (b) depicts how the excitation efficiencies of the plasmonic waves to the left direction l , the right direction r and the total excitation efficiency l þ r depend on the depth of the primary MIM slot h 1 . It is clearly shown that the excited plasmonic waves on top of the silver/air interface propagate to the left and the right directions alternatively with the increase of h 1 . With the fixed depth of the auxiliary slot h 2 ¼ 40 nm, the efficiency of the mode conversion from the fundamental symmetric mode to the anti-symmetric mode remains unchanged. Fig. 6(b) shows that when h 1 is 110 nm, it is exactly the case as shown in Fig. 5 . Since the effective indexes of the fundamental mode and the second order mode are different, the phase differences and the amplitudes of the two modes on the top corners of the primary slot can be tuned by different values of h 1 . As the value of h 1 increases to 700 nm, the situation is on the contrary to the above case. The left propagating plasmonic waves originated from the two modes are in the same phase, whereas the right propagating waves from the two modes are in anti-phase. In addition to the right direction, the uni-direction excitation of plasmonic waves to the left direction is also obtained. When h 1 is 400 nm, the excited leftward waves on the left top corner of the slot originated from the two modes have a phase difference of =2. At the same time, the rightward ones on the right top corner of the slot from the two modes have a phase difference of À=2. Thus, the excitation efficiencies of both directions are approximately equal, which is shown in Fig. 6(b) . It is found that in order to ensure a maximal uni-directional excitation efficiency, the fields of the symmetric and the anti-symmetric plasmonic modes on the top corners of the primary slot should be on the position of antinodes. Otherwise, the excitation efficiency of the plasmonic waves to the left or the right direction will decrease with certain extent.
In conclusion, the critical parameter h 1 determines the accumulated phase difference between the symmetric and the anti-symmetric modes, and the total excitation efficiency of plasmonic waves to the left and the right directions. The value of h 2 controls the conversion efficiency between the two modes. A maximal excitation efficiency of 62% for the uni-directional right propagating waves is achieved.
Based on the above analysis, a surface plasmonic lens was designed on a silver film by adding an auxiliary concentric annular slot to a primary subwavelength annular slot, as shown in Fig. 1 . The optimal geometry parameters of w 1 ¼ 310 nm, w 2 ¼ 155 nm, h 1 ¼ 110 nm, h 2 ¼ 20 nm are used. The inner radius of the primary and the auxiliary annular slots are r ¼ 1345 nm. It is observed that a strong plasmonic nano-focusing is achieved by using the structured plasmonic lens with a single annular slot. The lens is illuminated by a radially polarized beam with a normal incidence from the top of the silver film. Fig. 7 (a) and (b) displays the distributions of the plasmonic waves jE j launched by the single annular slot without and with the auxiliary annular slot. We can see that the plasmonic waves are excited efficiently and propagate almost only to the inward direction, as shown in Fig. 7(b) . The inward propagating plasmonic waves interfere constructively in the central area and are finally focused to a hot spot. The intensity extinction ratio of the uni-directional waves which is defined as the electric field intensity at the middle of the hot spot over that outside the annular ring (2 m away from the middle point), is as high as 748. Thus, cross-talks between the plasmonic lens and the nearby optical nano-components can be dramatically decreased. This advantage will enable much higher integration level for optical circuits.
To get into the details of the hot spot, the one-dimensional intensity profile of the focused spot in the center of the annular slot is shown in Fig. 8 . The blue and the red lines represent the intensity profiles of the hot spots focused by the structure with and without the auxiliary slot. It is clearly observed that there is no plasmonic waves propagating outside the annular slot of our plasmonic lens. Except ohmic losses of the metal layer, almost all the power contributes to the nano-focusing of the plasmonic waves. The electric field intensity of the plasmonic hot spot normalized to the intensity of the incident light can be increased to 61.6, and it is about twice the value for the plasmonic lens without the auxiliary annular slot. The full width at half maximum of the hot spot is approximately 212 nm. Fig. 9 is the spectral response of the plasmonic lens, and i and o represent the excitation efficiency of the inward and outward plasmonic waves, respectively. The bandwidth reaches 220 nm when i is greater than 35%. This means that this kind of surface plasmonic lens is suitable for broadband illuminations.
Conclusion
We have presented a plasmonic lens with a high excitation efficiency and a simple configuration, which is illuminated by a radially polarized beam. It consists of a primary and an auxiliary concentric annular slot. By adding the auxiliary concentric annular slot, the plasmonic waves propagate only to the inward direction. The excitation efficiency of the inward propagating plasmonic waves for nano-focusing can be as high as 62%. In addition, these kinds of plasmonic 
